Two years ago during the 1975 Particle Accelerator Conference in Washington, we reported the development of an intense negative ion magnetron source, capable of extracting short pulsed negative ion beams of several hundred mA. For most particle accelerators these pulsed beams are more than adequate, but for efficient neutral injector systems in future fusion reactors multi-ampere dc negative ion beams are required.
Summary and Introduction
Two years ago during the 1975 Particle Accelerator Conference in Washington, we reported the development of an intense negative ion magnetron source, capable of extracting short pulsed negative ion beams of several hundred mA. For most particle accelerators these pulsed beams are more than adequate, but for efficient neutral injector systems in future fusion reactors multi-ampere dc negative ion beams are required.
In the past two years significant progress was made in the development of three direct extraction negative ion sources. The first source, the hollow discharge duoplasmatron (HDD) was extensively studied and optimized up to currents of 60 mA. With the second source, the magnetron, a beam current of almost one ampere has been obtained for more than ten milli-seconds beam pulses. Several prototype Penning sources were constructed with yields similar as the magnetrons and with the expected advantage of higher gas efficiency.
In order to improve our knowledge of the origin of negative ion production, a program has started to measure the pertinent plasma parameters of the above mentioned sources by spectroscopic means and electrostatic probes.
A first attempt was made to integrate a magnetron source in a 150 kV accelerator structure; so far, beams of 200 mA were accelerated up to 120 kV for several millisecond beam pulses.
Hollow Discharge Duoplasmatron
A parametric study was made of the pulsed hollow discharge duoplasmatron as a negative hydrogen ion source in the pure hydrogen mode and in the mixed hydrogen-cesium mode,1 Figure 1 shows the cross section of the HDD source, The center tube that creates the hollow discharge is protected from the discharge by an insulating sleeve with the exception of the tip, which is removable. This tip has a small cavity that is filled with a mixture of cesium bichromate and titanium powder. The diffusion rate of cesium into the arc chamber was regulated by a heating wire in the center tube, When the source is operating in the hydrogen mode, an oxide-coated thermionic cathode serves as the electron emitter; in the hydrogen-cesium mode best results were obtained with a non-heated, oxide-coated cathode.
In 
Magnetron
The basic design and operation of the magnetron as an intense negative ion source has been extensively described elsewhere3. See Fig. 2 . Hydrogen gas passes through a slit in the anode into an annular race track region, During the discharge this region fills with a dense plasma. The molybdenum cathode has a small cavity containing cesium bichromate and titanium, At a high enough temperature of the cathode, cesium enters the discharge region through small holes in the cathode, and the discharge changes into the hydrogen-cesium mode. A six-slit magnetron, with a 5 cm long cathode, yields H currents of 0.9 A in pulses of 10 ms and 0.6 A in pulses of 20 ms. In the latter case the current was limited by the power supply. The gas flow was found to be 3.3 torr t/s cm2, which corresponds to a gas efficiency of 0.2 As/torr t,. Other pertinent parameters of this source are summarized in Table I. Experimental results with existing sources, as well as our studies of scaling problems of magnetron sources, have shown that multi-ampere and/or longer pulse length can only be achieved by cooling of the cathode. The product of the extracted current and the pulse length is roughly a constant. 4 The next generation of sources will therefore include cathode cooling.
Very little is known about the details of how the plasma surface sources precisely work, although the analysis of the energy spectra suggests that a surface effect at the cathode is the primary production mechanism. While Kishinevskii6 concentrates its theory on the probability of escape of H ions, produced on a metal surface, through the image field between the surface and negative ion, Hiskes et al.6 developed the theory on the formation of H ions by the surface interaction of a hydrogen atom and an adsorbed Cs atom, via the intermediary of the CsH and CsH molecular configurations. In order to determine the rate of H production on the cathode surface one has to know the parameters of the partially ionized medium, that contains a high density of neutral hydrogen atoms, cesium atoms and ions, hydrogen molecules and ions, as a function of energy. Preliminary estimates, based on spectroscopic measurements, show that for a Maxmellian distribution of velocities and for a neutral hydrogen temperature of 0.37 eV, atoms of energy between 1.5 eV and 2.5 eV will be reaching the cathode at a flux density equal to the proton flux. The gas pressure inside the standard magnetron source of 1 ampere measured with a transducer is 0.4 torr for an arc current of 150 A.7
The adaption of a short-pulsed magnetron source to a particle accelerator has been initiated at Fermi National Accelerator Laboratory.8
Penning Source
It is expected that Penning-type negative-ion sources, operating in the hydrogen-cesium mode, will have yields comparable to magnetron sources, but with a gas efficiency better by up to a factor of three. This is the reason that Penning sources are being investigated at BNL for possible applications in neutral beam injectors.
Recently a new Penning source with a special emitter electrode was constructed at BNL and extensively studied.9 Figure 3 Schematic view of the Penning source with "'emitter". similar in design to our magnetron source, except that the race track part of the cathode has been removed in order to create a Penning geometry. Both cathodes are hollow and these cavities are filled with the usual titanium-cesium bichromate mixture. Opposite the extraction slits a flat electrode or "emitter" was placed with the idea to enhance the production and diffusion of H ions.
Results obtained with this small model (cathode area is 2 cm2) are encouraging. Negative beam currents exceeding 0.32 A in pulses of 4 ms have been recorded with a rather uniform current density of 0.58/cm2, from five extraction slits, although there is a tendency of higher current density from the outer slits nearest the two cathodes. The effect of the grounding, floating or biassing the "emitter" on the H production is not very conclusive and difficult to explain (a 107 enhancement of the yield was observed with a positive bias). Other parameters of this source, including some results with deuterium gas, are summarized in Table I .
The normalized emittance of this Penning in the plane perpendicular to the slits is 0.65 r cm-mrad for a 120 mA beam (1.15 rr cm-mrad for 0.24 A). Low current 
